Figure-ground assignment is thought to entail inhibitory competition between potential objects on opposite sides of a shared border; the winner is perceived as the figure, and the loser as the shapeless ground. Computational models and response time measures support this understanding but to date no online measure of inhibitory competition during figure-ground assignment has been reported. The current study assays electroencephalogram (EEG) alpha power as a measure of inhibitory competition during figure-ground assignment. Activity in the EEG alpha band has been linked to functional inhibition in the brain, and it has been proposed that increased alpha power reflects increased inhibition. In 2 experiments participants viewed silhouettes designed so that the insides would be perceived as figures. Realworld silhouettes depicted namable objects. Novel silhouettes depicted novel objects on the insides of their borders, but varied in the amount of hypothesized cross-border competition for figural status: In ''Low-Competition" silhouettes, the borders suggested novel objects on the outside as well as on the inside. In ''High-Competition" silhouettes the borders suggested portions of real-world objects on the outside; these compete with the figural properties favoring the inside as figure. Participants accurately categorized both types of novel silhouettes as ''novel" objects and were unaware of the real world objects suggested on the outside of the High-Competition silhouettes. In both experiments, we observed more alpha power while participants viewed High-rather than Low-Competition novel silhouettes. These are the first results to show via an online index of neural activity that figure assignment entails inhibitory competition.
Introduction
The retina receives an unorganized array of light intensities, which is remarkably different from the organized visual world we perceive. Internal processes structure and organize the input into the objects we see in the environment (Hochberg, 1972; Kimchi, Behrmann, & Olson, 2003; Koffka, 1935; Peterson & Kimchi, 2013; Wagemans et al., 2012; Wertheimer, 1923) . Perceptual organization entails both grouping and segregation (e.g., Kimchi et al., 2003; Machilsen & Wagemans, 2011; Palmer, 2003) : Some elements in the visual input must be grouped together in order to create coherent perceptual units, which must be segregated from other units. Segregation implies that the visual system determines which borders in the input are bounding edges of objects or surfaces. Regions that are shaped by the border are perceived as objects or figures. Regions on the other side of object/figure borders are perceived as backgrounds, simply appearing to continue behind figures at their shared borders. Figure- ground assignment is argued to be fundamental to object perception and scene segmentation (Peterson & Kimchi, 2013) .
It has been proposed that figure-ground assignment occurs via inhibitory competition, and computational models implement this hypothesis (e.g., Craft, Schütze, Niebur, & Von Der Heydt, 2007; Grossberg, 1994; Kienker, Sejnowski, Hinton, & Schumacher, 1986; Kogo & Wagemans, 2013; Sejnowski & Hinton, 1987) . On these models, edge or feature units on opposite sides of borders engage in inhibitory competition for figural status. The side that ''wins" the competition is perceived as the figure; the side that ''loses" the competition is perceived as the background. Peterson, de Gelder, Rapcsak, Gerhardstein, and Bachoud-Lévi (2000) updated this framework to include competition among representations of shape-level properties, including familiar configuration or memories of object structure.
Theories require support from behavioral and neural evidence as well as from computational models yet, to date, there are only a few experiments supporting the theory that inhibitory competition is the mechanism of figure assignment. Those experiments show that representations of shape properties on the losing side of the border are suppressed below baseline following figure assignment (Cacciamani, Scalf, & Peterson, 2015; Peterson & Kim, 2001; Peterson & Skow, 2008; Salvagio, Cacciamani, & Peterson, 2012) . For instance, Peterson and Skow (2008; Peterson & Kim, 2001) showed that responses are suppressed to objects that were suggested on the groundside of a figure's border. Their participants performed an object decision task in which they categorized a line drawing as depicting a real world or a novel object. Immediately preceding the line drawings were novel, black silhouettes designed to favor the inside as the figure (they were small, symmetric, and enclosed; see Fig. 1 ). Half of these novel silhouettes suggested only novel, meaningless shapes on the outside of their borders as well as on the inside; hence, for these silhouettes, cross-border competition for figural status was expected to be low (Low-Competition novel silhouettes; see Fig. 1A ). The other half of the novel silhouettes suggested portions of real-world, meaningful objects on the outside/groundside of their borders (Fig. 1B) . Familiar configuration is a figural property (e.g., Peterson & Gibson, 1994a , 1994b Peterson, Harvey, & Weidenbacher, 1991) and should compete for figural status with the object properties on the inside of the silhouette's border; hence, these are High-Competition novel silhouettes. Despite the differential competition in High-versus Low-Competition silhouettes, the figure was perceived on the inside of the silhouette's borders for both types of stimuli; the outsides appeared to be shapeless grounds and participants were unaware of the real-world objects suggested there. Peterson and Skow (2008) predicted that, if figure assignment entails inhibitory competition such that figural properties that lose the competition are suppressed, then participants' response times to correctly categorize line drawings of real-world objects should be (A) longer when they follow a High-Competition novel silhouette suggesting an object from the same category on the groundside; and (B) shorter when they follow a High-Competition novel silhouette suggesting an object from a different category on its groundside. This is because, during the course of object assignment, the suggested object in the ground region would have been suppressed (and seen as a shapeless background), leading to a slower response time when participants responded to the same shape in linedrawing form (in A, but not B). Their results supported this prediction, revealing that responses are suppressed to an object suggested on the side of a border that loses the competition for figural status. These results were consistent with the hypothesis that inhibitory competition is the mechanism of figure assignment. Salvagio et al. (2012) , extended these results by showing that participants whose task was to report the orientation of a target bar were slower and less accurate when it was presented on the groundside of High-Competition silhouettes rather than LowCompetition silhouettes. Salvagio et al. took these performance differences as evidence that greater inhibitory competition for figural status produced greater suppression of the ground. Recently, using fMRI, Cacciamani et al. (2015) found converging evidence of greater ground suppression of High-relative to Low-Competition silhouettes.
The suppression evident in the experiments reviewed above supports predictions that arise from an inhibitory competition theory of figure assignment. Yet none of the experiments measured inhibition online, i.e., during the course of figure assignment. Previous measures depend on behavioral or imaging responses after figure-assignment has occurred. Object decisions and orientation discriminations take time (responses averaged >500 ms after the silhouettes were presented). Therefore, performance on these tasks can only index hypothesized consequences of inhibitory competition. An index of inhibition during the course of figureassignment is necessary to support the theories stating that inhibitory competition is the mechanism of figure assignment. In the current experiments we use electroencephalography (EEG) to measure inhibition while figure assignment is ongoing. EEG is appropriate because it has excellent temporal resolution. Moreover the alpha oscillations embedded in the EEG can provide a measure of neural inhibition that can be recorded during the course of figure-assignment, as discussed next.
Alpha oscillations in the EEG
Alpha oscillations are $7.5 to 12.5 Hz rhythmic brain activity recorded with the EEG. Modern theories posit that large amplitude alpha oscillations reflects the inhibition of task irrelevant cortical activity and/or the inhibition of competing or distracting information (Foxe & Snyder, 2011; Jensen & Mazaheri, 2010; Klimesch, 1996; Mathewson et al., 2011; Payne & Sekuler, 2014) . A growing body of evidence supports this ''alpha inhibition" hypothesis (although see Palva & Palva, 2007 for alternative views, discussed in Section 4). For example, Snyder and Foxe (2010) showed that when participants attended to either the color or the direction of motion of a stimulus, alpha power increased in the sensory areas specialized for the unattended (distracting) visual feature, consistent with the hypothesis that responses to unattended features were suppressed. Similarly, when attention is directed to one hemifield, alpha power typically decreases in the hemisphere contralateral to the attended hemifield and increases in the ipsilateral hemisphere (Worden, Foxe, Wang, & Simpson, 2000) , suggesting that increased alpha indexes suppression of responses to items in the unattended hemifield. Increases in alpha oscillations have been related to the ability to inhibit distractor items in a visual working memory task when the distracting information was presented on the to-be-ignored side of the computer screen (e.g., Sauseng, Klimesch, Gerloff, & Hummel, 2009 ). The increase in alpha was interpreted as a marker of suppression of the distracting visual information. (For reviews of the literature linking alpha oscillations to functional inhibition see Klimesch, Sauseng, & Hanslmayr, 2007; Jensen & Mazaheri, 2010; Mathewson et al., 2011; Payne & Sekuler, 2014) .
In a direct test of the alpha inhibition hypothesis, Romei et al. (2008) induced oscillations in the visual cortex with transcranial magnetic stimulation (TMS) and found that induced oscillations In the top row are Low-Competition novel silhouettes, which portray novel, never-before-seen objects on the inside of their borders and no objects on their groundsides. (B) In the bottom row are High-Competition novel silhouettes. These portray novel objects on their inside and suggest portions of realworld, familiar objects on their groundside. Participants were unaware of the suggested objects, including seahorses, palm trees and bells from left to right in the figure above.
in the alpha band impaired detection of near-threshold visual targets, whereas induced oscillations in other frequency bands had no effect. This crucial finding, along with the evidence reviewed above, suggests that increased alpha oscillations manifest inhibition of sensory processing. This evidence suggests that measurement of EEG activity in the alpha band while observers view High-Competition versus Low-Competition silhouettes can test the hypothesis that inhibitory competition is the mechanism of figure-ground assignment. If it is, we should observe more alpha power when High-Competition relative to Low-Competition silhouettes are viewed, reflecting greater inhibitory competition for figural status predicted for the former.
The present experiments
In two experiments we compared activity in the alpha band of the EEG recorded on trials on which participants viewed both types of novel silhouettes (High-and Low-Competition) intermixed with silhouettes of real-world, familiar objects like those shown in Fig. 2 . Each stimulus appeared centrally on the screen where subjects were fixating (fixation provided another cue that the inside of the silhouette was the figure; Peterson & Gibson, 1994a) . Participants' task was to press a key to categorize each silhouette as depicting a ''real-world, recognizable" or a ''novel, never before seen" object as quickly and as accurately as possible. The silhouettes of real-world familiar objects were included so that the participants would make object decisions about the central, bounded, objects (real-world or novel). The two types of novel silhouettes were carefully matched for stimulus features (see Methods), so that we could compare alpha activity recorded on trials on which participants viewed either High-or Low-Competition novel silhouettes and accurately categorized them as ''novel." (As in previous research, we ascertained that participants were unaware of the presence of real-world shapes on the outside of the HighCompetition novel silhouettes, and indeed, participants accurately categorized them as ''novel").
We predicted that if the mechanism of figure assignment is inhibitory competition, then increased alpha activity should be recorded when participants viewed High-Competition novel silhouettes compared to Low-Competition novel silhouettes because more inhibitory competition is required to resolve figure assignment (and to accurately categorize them as ''novel") in the former rather than the latter condition. Alpha power recorded on trials on which participants viewed silhouettes of real world objects versus novel objects was not compared. This is because it was impossible to match the silhouettes of real-world objects to the silhouettes of novel objects and therefore it would not be possible to rule out stimulus differences as a potential source of any observed differences in alpha power. Additionally, accuracy was not matched for the real-world objects and the novel objects, and therefore it would not be possible to rule out mechanisms underlying the different responses as a potential source of any observed differences in alpha power.
Experiment 1

Methods
Participants
Forty undergraduate students from the University of Arizona (UA) were recruited and received class credit for their involvement in the experiment. Participants enrolled in the experiment via an online experiment system. The only information available about the experiment was a brief title (''Perception of Pictures with EEG") and the room number. Since the experiment was held in a psychophysiology laboratory, participants were naïve to the visual nature of the experiment and to the types of stimuli that were used. Due to a recording issue with the EEG, two subjects' data were unusable. In post-experiment questioning 14 participants were deemed ''aware" of the real-world objects suggested on the outside of the High-Competition silhouettes; therefore their data were not included in the analysis (see Section 2.1.5). Thus data from 24 ''unaware" participants (16 females) were used for the analysis. The experiment was approved by the UA Institutional Review Board in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki). All subjects consented before participating.
Stimuli
The stimuli were 120 white silhouettes (H: 4.7°; W: 1.8°-9.4°) designed such that a majority of object properties favored the inside white region as the figure (the insides were small, enclosed, and mirror symmetric). Of these, 40 silhouettes portrayed realworld, namable objects on the insides of their borders, the region perceived as the figure (e.g., animals, plants, symbols and cartoons previously encountered before the experiment; Fig. 2 ). These ''realworld" silhouettes suggested meaningless, novel objects on the outside of their borders, in the region perceived as the ground. The remaining 80 silhouettes portrayed never before seen novel objects on the insides of their borders. Half (40) of these novel silhouettes portrayed novel objects on the outside of their vertical borders as well. These silhouettes were designed such that competition for figural status from the outside was minimal; hence, they are labeled ''Low-Competition" novel silhouettes (see Fig. 1A ). The remaining 40 novel silhouettes suggested portions of real-world objects on the outside of their vertical edges, in the region perceived by participants as shapeless grounds (Fig. 1B) . Familiar configuration is a figural property; hence, there was more cross-border competition for figural status in these silhouettes than in the ''LowCompetition" novel silhouettes; they are labeled High-Competition novel silhouettes. Low-and High-Competition novel silhouettes were equated on low-level features (luminance, spatial frequency, contour length, and stimulus size/area, as well as on other properties favoring the insides as figures (e.g., convexity, symmetry, and closure); see Appendix A; Trujillo, Allen, Schnyer, & Peterson, 2010) . Real-world and novel silhouettes were not matched on stimulus characteristics (although they were equated as closely as possible so that participants had to base their object decision on the perceived figure rather than on low-level stimulus differences). Accordingly, responses to the two types of novel silhouettes only were compared.
Task
The participants' task was to decide as quickly and as accurately as possible whether each silhouette portrayed a real-world, familiar object or a novel object (i.e., one that they had never seen before). The object decision task regarding the silhouettes can be considered a cover task because we were primarily interested in Fig. 2 . Real-world silhouettes. These portray real-world, familiar objects on the inside of their borders and no objects on the outside. The objects are, from left to right, a telephone, a turtle, and a clover leaf.
comparing responses and ongoing brain activity while participants viewed the two types of novel silhouettes.
Design and procedures
Before each trial, a fixation cross was displayed in the center of the screen and participants were told to fixate. At the start of each trial, a silhouette was presented for 175 ms in the center of the screen. Immediately after each silhouette, one of 5 white pattern masks (H: 4.7°; W: 9.4°) was displayed for 400 ms (all masks were used in all conditions equally often; Fig. 3 ). Participants indicated their object decision (real-world or novel object) by pressing one of two buttons in either hand; the left/right assignment of the ''novel object" response was balanced. Participants were asked to hold their responses until a question mark appeared on the screen, which appeared after the mask (not depicted in Fig. 3 ). Stimuli were presented and responses were recorded using DMDX software (Forster & Forster, 2003) . They were repeated once, occurring after a lag of 18-21 intervening items. The screen was black and fixation cross and silhouettes were white (color is reversed in Figs. 1-3 for display purposes).
Before the experimental trials started, participants completed a block of 11 practice trials using a unique set of real-world silhouettes and Low-Competition novel silhouettes that were not presented on experimental trials. If participants performed poorly on the practice trials, or if they requested more practice, they were allowed to repeat the practice trials.
Post-experiment questioning
Only data from participants who did not perceive the objects suggested on the outside of High-Competition novel silhouettes were of interest in this experiment. The central question in these experiments was whether, given the perceived outcome that the figure lay on the inside of the silhouette border, increased crossborder competition from the real world objects suggested on the outside of the High-Competition novel silhouettes would be correlated with increased alpha power recorded while participants viewed those silhouettes compared to the Low-Competition novel silhouettes. Therefore, extensive post-experiment questioning was used in order to determine whether participants were aware of the real-world objects suggested on the outside of the HighCompetition silhouettes. At the end of the experiment, participants were asked whether they saw any known shapes on the outside of the silhouettes. If they answered ''yes," their data were excluded from the analysis. Those who answered "yes" were asked further to verbally recall any known objects they saw on the outside of the silhouettes. The experimenter wrote down any object participants claimed to see. For the participants who indicated awareness of the real-world objects on the outside of High-Competition silhouettes, few could recall more than 2-3, typically.
EEG data acquisition and analysis
Sixty-four channel EEG data was recorded with a Neuroscan Synamps2 amplifier (Neuroscan, Compumedics, Charlotte, NC, USA) with bipolar electrodes outside the cap to monitor eye blinks at the horizontal and vertical ocular channels and linked-ear references. Sampling rate was 1000 Hz (downsampled offline to 265 Hz) and impedances were kept below 5 kX. The extended 10-20 International System was used to place the cap. Vertical and horizontal eye movements were recorded with external electrodes.
EEG preprocessing
Continuous data were imported into MATLAB (The Math Works, Natick, MA, USA) using the EEGLAB toolbox (Delorme & Makeig, 2004) and all subsequent data analysis was performed with inhouse scripts that incorporate EEGLAB functions. Data were epoched starting 750 ms before the onset of the stimuli and lasted until 1250 ms after. Artifacts were removed by manual inspection. Ocular artifacts and signal artifacts (clipping/popping in the signal) were removed with the ADJUST toolbox (Mognon, Jovicich, Bruzzone, & Buiatti, 2011) . Spherical spline interpolation was used to interpolate bad channels; no more than 5 channels were interpolated. The data were re-referenced to the FPZ reference (following Bach & Meigen, 1992 Lamme, Van Dijk, & Spekreijse, 1992) . Finally, the data was low-pass filtered (166-point finiteimpulse-response, or FIR, filter, 43-Hz half-amplitude, zero phase shifted). After EEG artifact rejection, each participant contributed 64.7 ± 1.0 (mean ± s.d.) trials to each condition on average.
Time-frequency analysis
Spectral changes in oscillatory activity were analyzed via wavelet-based time-frequency methods with custom scripts written in MATLAB. Wavelet based transforms provide a good tradeoff between time and frequency resolution (Tallon-Baudry & Bertrand, 1999) . Complex Morlet wavelets w(t, f, a) were used to convolve the data with a Gaussian shape in time (r t ) and in frequency (r f ) with time-frequency tradeoff determined by scaling parameter a (Addison, 2002) . Center frequencies f ranged from 3.5 to 20.5 Hz Fig. 3 . Trial structure for Experiments 1 and 2. On each trial, a central fixation cross was displayed for 1000 ms. Then a single silhouette (High-Competition or Low-Competition silhouettes) was shown for 175 ms and followed immediately by a pattern mask for (400 ms in Experiments 1, and 250 ms in Experiment 2). Participants were instructed to push one button when they saw a real-world, meaningful silhouette and another for the novel silhouette. They were unaware of the novel-object/meaningful-ground silhouettes and novel-object/novel-ground manipulation. In the figure, the silhouettes are shown as black on a white ground, but contrast was reversed in the experiment.
(18 linearly spaced wavelets over this range). The scaling parameter a was chosen to equal p, a low value that increased the temporal resolution of the wavelets (at the expense of the frequency resolution), but required use of the complete mathematical form of the Morlet wavelets that includes a correction factor ensuring the wavelets have a finite energy for low values of the scaling parameter (Addison, 2002) . Over the alpha frequency band of interest, the wavelets' full duration at half maximum (FDHM; $2.4 cycles) ranged from 157 ms (f = 7.5 Hz) to 94 ms (f = 12.5 Hz). In addition, the wavelets were normalized such that their total energy equaled unity. The wavelet transforms were applied to 2000 ms EEG epochs ranging from 750 ms pre-to 1250 ms post-stimulus. The transformed signals were then truncated to 200 ms pre-to 600 ms post-stimulus, removing temporal portions of the transform contaminated by edge effects that arise from the convolution of two discrete signals (EEG/wavelet) of finite temporal lengths (Addison, 2002) . After wavelet transformation and for each electrode site, total EEG power time-series was computed, averaged over the alpha range, and then baseline-corrected by subtracting the average power over the À200 to 0 ms prestimulus interval. Between-condition power differences were assessed via two-tailed permutation t-tests with cluster-based correction of multiple comparisons across time and electrode (Trujillo et al., 2010 ; p < 0.05, 20,000 permutations).
Results and discussion
Behavioral
''Novel" responses were considered correct to both HighCompetition and Low-Competition novel silhouettes, and ''familiar" responses were considered correct to real-world silhouettes. Participants categorized novel silhouettes (94% ± 1) more accurately than real-world silhouettes (90% ± 1), t(23) = 2.78, p = 0.0079. High-Competition (94% ± 1) and Low-Competition (95% ± 1) novel silhouettes were categorized equally accurately t(23) = 1.10, p = 0.27. This crucial latter finding shows that object decisions regarding the two types of novel silhouettes were equally difficult, and therefore that the neurophysiological effects observed here cannot be explained by differences in object decision difficulty.
Time-frequency analysis
For the present analysis, total power time-series for the alpha frequency range were extracted for High-Competition and LowCompetition trials and the signals were compared across electrodes correcting for multiple comparisons. Because repetition occurred within only 18-21 intervening items, it was important to test whether the outcome of the competition on the first presentation of the High-Competition silhouettes affected competition -as indexed by alpha power -on the second presentation. The cluster based permutation analysis revealed no significant effects of repetition for the High-Competition or the Low-Competition silhouettes. Accordingly, alpha power recorded on first and second repeats was combined for further analysis.
The cluster-based permutation analysis detected significantly greater alpha power for High-than for Low-Competition silhouettes in an early time window centered at 102 ms and ranging from À5 to 210 ms (ps < .05; see Fig. 4A for results and statistics). As can be seen in Fig. 4B , this effect was widespread over the scalp, with the largest differences over posterior regions. Note that in the cluster-based permutation analysis several electrodes had temporal periods of significance with wide temporal extension, a few of which had significance extend into the baseline period. This was the case even with our choice of a wavelet scaling parameter that increased the temporal resolution of the wavelets (see Section 2.1.8). Of course, these early effects extending into the baseline are most likely artifacts (although the effects after baseline are likely not artifacts), due to several factors such as the extended duration of the wavelet at low frequencies, nonlocalizing effects of the statistical clustering (Nichols & Holmes, 2001) , and the fact that the low amplitude power differences observed during baseline exhibited exceedingly low variability, thereby leading to large t-values (Trujillo & Allen, 2007) . This ambiguity regarding the onsets and offset of the difference between HighCompetition and Low-Competition silhouettes, which is consistent with time-frequency analysis, does not draw away from the main conclusion that inhibitory competition is the mechanism of figureground assignment. This is because the bulk and the centers of the clusters of statistical significance occur within time ranges that overlap with those of previous Event-related Potentials (ERP) effects of past experience on figure assignment (106-156 ms; Sanguinetti, Allen, & Peterson, 2014; Trujillo et al., 2010) , and within the temporal window relevant for human figure-ground assignment with simple displays <200 ms (cf. Heinen, Jolij, & Lamme, 2005; Neri & Levi, 2008) . Additionally, the bulk and centers of the statistical significance occur within the time when familiarity has been shown to exert an influence on figure assignment (Peterson & Gibson, 1994a; Peterson & Kim, 2001 ).
Discussion
In Experiment 1, increased alpha power was observed while participants viewed High-Competition silhouettes rather than Low-Competition silhouettes. Because these differences in alpha power were evident while the silhouettes were exposed, they provide the first online evidence that inhibitory competition is the mechanism of figure assignment. Thus, these results support current computational models of figure assignment (e.g., Craft et al., 2007; Kogo & Wagemans, 2013; Peterson et al., 2000) .
Experiment 2
We sought to replicate the results reported in Experiment 1 by conducting a time-frequency analysis of activity in the alpha band of the EEG in a similar experiment. Experiment 2 was previously reported as an ERP study investigating the time course of neural responses to High-and Low-Competition silhouettes (Trujillo et al., 2010) . Trujillo et al. reported that the P1 component of the ERP was larger in amplitude for High-than for Low-Competition silhouettes as early as 106 ms post stimulus onset, but they could not distinguish whether this difference indexed greater access to object memories, more feedback from high levels, and/or greater competition in the former than the latter condition. Here, we performed a new alpha-power analysis on Trujillo et al.'s data (the same analysis performed in Experiment 1) in an attempt to replicate the alpha effects in a different group of participants and with slightly different experimental parameters. Trujillo et al. collected the data in two identical experiments, conducted at two different universities -the University of Arizona (UA) and the University of Texas at Austin (UT-Austin). Because no substantial differences between the two experiments were detected in the original paper (in behavioral or neurophysiological measures) the data were collapsed across experiments for the present investigation.
Methods
Participants
The participants were 39 UA students and 36 UT-Austin students. All participants received undergraduate class credit for their participation and were naïve to the experiment. Data from 8 participants were removed due to technical difficulties (N = 7) or near-chance performance on the categorization task (N = 1). It is imperative that the perception of, and categorization of the two types of novel silhouettes be equated for the purposes of this analysis. Therefore, data obtained only from participants who were unaware of the real-world objects suggested on the groundside of the High-Competition novel silhouettes were compared. Accordingly, the stringent post-experiment questioning (similar to Experiment 1) was used to ascertain what participants had perceived. The data from an additional 18 subjects were not analyzed because when questioned they reported being aware of at least some the real-world objects suggested on the outside of the silhouettes (see Section 3.1.4). The data from the remaining 49 participants who were classified as unaware of the real-world objects suggested on the outside of the High-Competition novel silhouettes were retained for Experiment 1 (37 females; mean age = 19.6 -years). The studies were approved by the respective Institutional Review Boards for Human studies at the UA and UT-Austin in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki).
Stimuli and task
The stimuli, task were the same as used in Experiment 1. However in Experiment 2, the novel silhouettes were divided into two sets (Set A and Set B), each composed of 20 Low-Competition and 20 High-Competition silhouettes; participants were randomly assigned to receive one set only. Thus each participant saw 40 real-world silhouettes and 40 novel silhouettes. Set A and Set B were balanced on low level features that affect early visual potentials and therefore effects were not due to differences in the sets (see Trujillo et al., 2010 for more information).
Design and procedures
The trial structure was the same as Experiment 1 except the pattern mask was presented for only 250 ms, and participants were allowed to respond immediately after the presentation of the silhouettes (allowing for reaction times to be measured). There were 4 blocks of trials in Experiment 2. In each block, participants viewed 40 trials with real-world silhouettes randomly intermixed with 40 trials with novel silhouettes (20 Low-Competition and 20 High-Competition silhouettes from either Set A or Set B). Each silhouette was presented once per block. They were presented four times total across blocks, with an average of 40 intervening items between repeats. Participants had 11 practice trials before the experiment as in Experiment 1, but feedback regarding object decision accuracy was given on practice trials in Experiment 2. Participants were allowed to rest for a short amount of time between blocks.
Post-experiment questioning
The same post experiment questioning from Experiment 1 was used, with an additional analysis that further supported the removal of participants who became aware of the suggested shapes on the groundsides of High-Competition silhouettes; details are reported in Trujillo et al., 2010 . Using these methods, 23 participants from the UA and 26 participants from UT-Austin were deemed unaware (total N = 49). The data from these subjects were retained for further analysis.
EEG data acquisition and analysis
The data acquisition and analysis methods were the same as those used in Experiment 1, with the following exceptions. Sixtyfour channel EEG data were recorded for the UA data with a Neuroscan Synamps2 amplifier (Neuroscan, Compumedics, Charlotte, NC, USA) with bipolar electrodes outside the cap to monitor eye blinks at the horizontal and vertical ocular channels and linkedear references. Sampling rate was 1000 Hz (downsampled offline to 265 Hz) and impedances were kept below 5 kX. Sixty-nine channel EEG was recorded with a Biosemi system (BioSemi Instrumentation, Amsterdam, The Netherlands) for the UT-Austin data. Sampling rate was 2048 Hz, but decimated online to 256 Hz, with EEG recorded with respect to a common mode sense (CMS); active electrodes were used and thus impedances were not measured.
EEG preprocessing
The basic preprocessing methods were the same as used in Experiment 1. Since the UT-Austin data were recorded with a CMS reference, these data were referenced to a linked-mastoid reference before artifact rejection. Spherical spline interpolation was used to interpolate bad channels; no more than 2 channels were interpolated for the UA data and no more than 5 channels for the UT-Austin data-set. The UA data set was down-sampled to 256-Hz in order to equate the data with the UT-Austin data. Finally, the data were re-referenced to the FPZ reference (following Bach & Meigen, 1992 Lamme et al., 1992) . For both data sets eye blinks were rejected using the EOG signals with an automatic rejection algorithm in MATLAB (defined as >50 lV or <À50 lV).
See Trujillo et al. (2010) for more details on eye-blink rejection. After EEG artifact rejection, each participant contributed 69.2 ± 1.0 (mean ± s.d.) trials to each condition on average (collapsed across UA and UT-Austin data).
Results
Behavioral
Full details of the separate behavioral results for the UA and UTAustin data sets were previously reported by Trujillo et al. (2010) . Here, a behavioral analysis is briefly reported after collapsing across these data sets. Novel silhouettes (High-Competition and Low-Competition combined) were classified more accurately and more slowly than real world silhouettes (accuracy: 95 ± 1% vs. 88 ± 1%, p < .001; RTs: 549 ± 13 ms vs. 524 ± 13 ms, p < .001). High-Competition silhouettes were categorized more accurately than Low-Competition silhouettes (96 ± 1% vs. 95 ± 1%; p < .019), although the difference was small. Thus, the neurophysiological effects observed here do not reflect increased difficulty in categorizing the High-Competition silhouettes. Furthermore, participants categorized High-Competition silhouettes faster than LowCompetition silhouettes (544 ± 13 ms vs. 554 ± 13 ms; p < .001). Thus, any differences between these two conditions cannot be explained by response interference due to the suggestion of a portion of a real-world object on the outside of the high-competition silhouettes. Had that happened, then the opposite pattern would be expected: RTs would be longer for the high-competition silhouettes as compared to low-competition silhouettes. 
Time-frequency results
Alpha-range total power was examined for High-Competition and Low-Competition novel silhouettes at each electrode site and time point using the methods detailed in Experiment 1. Replicating Experiment 1, the cluster-based permutation statistics revealed that total power in the alpha range was significantly greater for High-Competition than for Low-Competition novel silhouettes over a time window centered at 148 ms and ranging from À5 to 277 ms (ps < .05, over 20,000 permutations; see Fig. 5A ). As can be seen in Fig. 5B , the power differences were largest over posterior scalp regions although the scalp distribution was widespread, permutation cluster analysis revealed statistically significant differences.
As in Experiment 1, the onset and offset of these effects cannot be clearly delineated due to several factors (extended duration of the wavelet, nonlocalizing effects of the statistical clustering, and low amplitude power differences exhibiting exceedingly low variability). However, as in Experiment 1, the time range during which greater alpha power was observed for High-Competition than LowCompetition silhouettes was consistent with previous ERP effects of past experience on figure assignment (Sanguinetti et al., 2014; Trujillo et al., 2010) and other evidence indicating that human figure-ground perception can occur within the first 200 ms of processing (Heinen et al., 2005; Neri & Levi, 2008) .
Discussion
In Experiment 2, as in Experiment 1, greater alpha power was observed during the course of figure assignment when competition for figure assignment is greater (High-Competition > LowCompetition) supporting the theory that inhibitory competition is the mechanism of figure assignment. Together, these results provide the first evidence that inhibitory competition occurs during the course of figure assignment.
General discussion
In the current experiments, EEG was used to assess whether inhibitory competition is the mechanism of figure assignment. Alpha oscillations in the EEG index inhibition of task irrelevant or competing sensory information (Foxe & Snyder, 2011; Jensen & Mazaheri, 2010; Klimesch, 1996; Mathewson et al., 2011; Payne & Sekuler, 2014; Pfurtscheller, 2001) . We hypothesized that, if inhibitory competition is the mechanism of figure assignment, there should be greater alpha power when observers view stimuli that require more cross-border inhibitory competition for figure assignment relative to less inhibitory competition. Participants viewed novel silhouettes that entailed different amounts of inhibitory competition for figural status in that their borders suggested either a portion of a real-world object on the outside (HighCompetition novel silhouettes) or a portion of a novel object (Low-Competition novel silhouettes). As predicted if the mechanism of figure-ground assignment is inhibitory competition, greater alpha power was found for High-than for Low-Competition silhouettes during the course of figure assignment.
The only difference between the High-and Low-Competition novel silhouettes was that a familiar, real-world object was suggested on the outside of the vertical borders for the HighCompetition, but not the Low-Competition novel silhouettes; the two types of novel silhouettes were matched on low-level features and on all other properties known to affect figure assignment (Trujillo et al., 2010) . Moreover, categorization accuracy was equated for the High-Competition and the Low-Competition silhouettes. Thus, the only difference that could account for the increased alpha for the High-Competition novel silhouettes was the increased inhibitory competition that resulted from the presence of the familiar object suggested on their groundsides. These results provide the first online support for theories of figure assignment that entail inhibitory competition (Peterson et al., 2000) , and therefore have important implications for our understanding of how figureground segregation occurs.
The results reported were obtained during the time window when figure assignment is likely taking place, further buttressing the claim that inhibitory competition is the mechanism of figure assignment: Physiological experiments have shown that edge/border assignment and figure-ground signals occur early in visual processing. For instance, physiological recordings in monkey visual cortex indicate that figure assignment occurs 60-100 ms post stimulus onset (Lamme, Rodriguez-Rodriguez, & Spekreijse, 1999; Zhou, Friedman, & Von Der Heydt, 2000; Zipser, Lamme, & Schiller, 1996) . Psychophysical evidence obtained from humans performing a contrast discrimination task showed that figureground organization had proceeded sufficiently far to affect performance $100-160 ms after stimulus onset (Neri & Levi, 2008) . A TMS experiment showed that processes 130-160 ms after stimulus onset (and again $260 ms after onset) are critical for figure assignment (Heinen et al., 2005) . Taken together, this evidence strongly suggests that figure-ground processing is underway within the time window where evidence of greater inhibition for High-than for Low-Competition silhouettes was observed in the present experiments. Indeed, a recent experiment in humans using the stimuli used in the experiments reported here showed that behavior based on at least partial resolution of figure assignment in High-Competition silhouettes could be initiated within 200 ms of stimulus onset (Sanguinetti & Peterson, 2012) . In this experiment, saccades were recorded since eye-movements can be initiated quicker than button presses. Such quick saccadic behavior suggests that figure-ground process had been well underway before 200 ms.
The present findings build upon previous evidence indicating that increased alpha power is related to inhibition of competing or irrelevant sensory information (Foxe & Snyder, 2011; Jensen & Mazaheri, 2010; Klimesch, 1996; Mathewson et al., 2011; Payne & Sekuler, 2014; Pfurtscheller, 2001) . The evidence presented here is the first to show that alpha increases during the course of figureground organization in situations when increased inhibitory competition is required for object assignment (for High-Competition novel silhouettes). Further, they are the first to show that inhibitory competition occurs during the course of perception. These results support a growing body of literature suggesting that during a fast pass of processing, properties of objects that might be perceived on either side of a border are accessed (Cacciamani et al., 2015; Peterson, Cacciamani, Barense, & Scalf, 2012; Peterson & Gibson, 1994a; Peterson et al., 1991; Sanguinetti et al., 2014; Trujillo et al., 2010; Vecera & Farah, 1997) and engage in inhibitory competition for figural status (Peterson et al., 2000; Peterson & Enns, 2005; Peterson & Lampignano, 2003) .
The topographic distribution of the effects of increased alpha power for High-Competition silhouettes was widespread. Although one might expect these effects to be localized to the occipital electrodes only in the current paradigm, there are several reasons the effects might have been more widespread. First, the reference chosen (FPZ) is not ideal for localizing signals on the scalp (the reference-free current source density method is better able to spatially localize posterior/anterior alpha; Hagemann, Naumann, & Thayer, 2001; Stewart, Bismark, Towers, Coan, & Allen, 2010 ); therefore we are not able to rule out the possibility that the frontal effects observed here could be volume conducted alpha or mirrored alpha (inverse phase in frontal regions) originating over occipital areas. Second, object recognition involves dynamic processing including areas that extend well beyond visual cortex (Dehaene, Changeux, Naccache, Sackur, & Sergent, 2006; Epshtein, Lifshitz, & Ullman, 2008; Nadel & Peterson, 2013) . Indeed, Peterson and Cacciamani (2013) proposed that the objects that might be perceived on opposite sides of borders are processed at many representational levels extending beyond the visual cortex before figure assignment is determined via inhibitory competition, although it is not clear which levels require suppression. Third, the P1 ERP effects observed with the same stimuli in Trujillo et al. (2010) and Sanguinetti et al. (2014) were not constrained only to the occipital electrodes, and these P1 ERP effects might be related to the alpha effects observed here (see Section 4.2).
Is alpha power a good index of inhibition?
In the majority of the previous studies investigating the alpha inhibition hypothesis, instructions or pre-cues were used to prioritize one region of space over another, or one stimulus feature over another (see Section 1). Typically in these experiments, attention is oriented to one hemifield and alpha power increases over the nonattended hemifield (the ipsilateral hemifield to attention; e.g., Worden et al., 2000) or in the hemifield with distracting or competing stimuli (Sauseng et al., 2009) . It was argued that the attentional spotlight releases task-relevant cortical areas from inhibition (e.g., the cortex contralateral to the attended location) while concurrently inhibiting task irrelevant or competing areas (e.g., the ipsilateral cortex to the attended location, Foxe & Snyder, 2011) .
However this interpretation is under debate. For example, Palva and Palva (2007) proposed that the increased alpha power might reflect active processing in task relevant cortical areas (for example, parietal areas important for moving attention away from one location and toward another) instead of, or in addition to, inhibition of sensory areas responsible for processing task irrelevant information. Since our results were obtained while participants viewed High-and Low-Competition silhouettes, they are consistent with the proposal that alpha power reflects active processing. Nevertheless, the experiments reported here are not amenable to an alternative interpretation involving attention because no attentional-pre cue was used to instruct participants to attend to one location and ignore another. Participants' task required them to attend to the silhouettes, and all silhouettes were presented at fixation. Furthermore, there is no evidence that more attention is required to perform the categorization task for High-than LowCompetition novel silhouettes: Accuracy is not meaningfully different for the two types of novel silhouettes and categorization RTs are shorter for the High-Competition than the Low-Competition silhouettes (hence there is no more response bias for the High-than the Low-Competition silhouettes). Moreover, a previous experiment found no evidence that more attention is drawn to the inside of High-Competition than Low-Competition novel silhouettes in order to resolve the greater competition for figural status in the former relative to the latter (Salvagio et al., 2012) . Finally, other experiments indicate that attention is not required for figure-ground segmentation (Kimchi, & Peterson, 2008; Poort et al., 2012) . Findings from monkey single cell literature support this interpretation: Cells that are involved in figure-ground organization serve as the substrate for attentional selection (Qiu, Sugihara, & von der Heydt, 2007) . Thus, the present results suggest that an increase in alpha power can assay inhibition when attention is held constant.
The relationship between alpha power and the P1 components of the event related potential
It has been argued that the P1 ERP component is generated, at least in part, by ongoing alpha oscillations (Freunberger et al., 2008; Gruber, Klimesch, Sauseng, & Doppelmayr, 2005; Klimesch, 2011; Klimesch et al., 2004 Klimesch et al., , 2007 , although it is debated whether and to what degree oscillatory activity contributes to the generation of the ERP . A theoretical account (Klimesch et al., 2007; Klimesch, 2011) argues that both the P1 ERP and ongoing alpha activity reflect the same cognitive and physiological function: inhibition of information in task irrelevant or competing networks and an increase of signal to noise levels in task relevant networks. In two experiments, Freunberger et al. (2008) found that alpha power and the P1 amplitude showed similar task-related behaviors: When inhibition was needed alpha power increased and the P1 amplitude was larger, supporting the idea that ongoing alpha and the P1 ERP reflect similar functional processes.
In previous reports of the data from Experiments 2 (Trujillo et al., 2010 ; also see Sanguinetti et al., 2014) , it was found that the amplitude of the P1 ERP is larger for High-Competition silhouettes than for Low-Competition silhouettes. However it was not clear to these authors whether the P1 difference reflected early access to object memories alone or increased inhibitory competition consequent on early access to object memories. The timefrequency analyses reported here support the latter interpretation, thereby adding substantially to those previous reports.
On the validity and generalizability of these results
The post-experiment questioning, designed to eliminate participants who were aware of the objects suggested on the groundside of the borders of the High-Competition silhouettes, is intensive. Indeed, the demand character of the questions may cause some participants to say that they were aware of the familiar object suggested on the groundside of the High-Competition silhouettes when they were not. Thus, our method of eliminating participants was conservative. We chose this conservative method because we consider it very important to control for the perception that the figure lies on the inside of the silhouette border. Categorization accuracy in both experiments and response times in Experiment 2 showed no evidence of response interference from the familiar object suggested on the groundside of the border of the High-Competition silhouettes; if participants were aware of the familiar objects suggested there, one would expect to find evidence of response interference. Therefore we are reasonably confident that our participants were truly naïve and that the results of these experiments offer a valid assessment of inhibitory competition during the course of object assignment.
The results were obtained while the participants made judgments regarding the familiarity versus novelty of the silhouettes which may raise a question for some regarding whether these results generalize to other conditions. The object decision task used in these experiments provides a window into participants' perception on each trial of the experiment; without it we would only have the participants' responses on the post-experiment questionnaire as an index of their perception. With the object decision task, we can assess whether there is any response interference from the familiar objects suggested on the groundside of the HighCompetition silhouettes; one would expect such interference in generating a ''novel" response if participants are aware of that familiar object. Interference would be evident as reduced accuracy in categorizing High-Competition silhouettes as ''novel" compared to and Low-Competition silhouettes, and/or in longer reaction times to make those judgments. Instead, in both Experiments 1 and 2 participants were equally accurate in categorizing the HighCompetition and Low-Competition silhouettes as ''novel." Furthermore, when reaction times were recorded in Experiment 2, participants categorized the High-Competition silhouettes as ''novel" faster than the Low-Competition silhouettes. A response interfer-ence account would have predicted the opposite pattern. (The faster responses may have been obtained because participants recruited additional inhibitory resources to resolve the greater competition in High-than in Low-Competition silhouettes (see Anderson et al., 2015) .
In the future, it will be interesting to test whether increased power is observed in the alpha band for High-compared to Low-Competition silhouettes when participants are not engaged in an object categorization task. We expect we would replicate the present results under these conditions because two experiments in which participants did not engage in an object categorization task yielded evidence that figure assignment entails inhibitory competition (although they measured predicted consequences of inhibitory competition rather than ongoing inhibitory competition as measured here). For instance, Cacciamani et al. (2015) found evidence of greater suppression of grounds of High-than Low-Competition silhouettes in an fMRI experiment in which the silhouettes appeared in the periphery while participants performed an RSVP task at fixation. In addition, Salvagio et al. (2012) found evidence of greater suppression of the grounds of High-than Low-Competition silhouettes in a behavioral experiment in which participants judged the tilt of briefly exposed bars. Collectively, these behavioral findings are highly consistent with the present findings of temporally-specific alpha increases for High-versus Low-Competition silhouettes, and suggest that that figure assignment entails inhibitory competition.
